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The mechanistic influence of aligned nanofibers on cell shape, migration and blebbing dynamics of glioma cells † Puja Sharma, a Kevin Sheets, a Subbiah Elankumaran b and Amrinder Singh Nain* ca Investigating the mechanistic influence of the tumor microenvironment on cancer cell migration and membrane blebbing is crucial in the understanding and eventual arrest of cancer metastasis. In this study,
we investigate the effect of suspended and aligned nanofibers on the glioma cytoskeleton, cell shape, migration and plasma membrane blebbing dynamics using a non-electrospinning fiber-manufacturing 
Insight, innovation, integration
The influence of the biophysical microenvironment on tumor cell behavior is well recognized. Glioblastoma cells prefer migrating along nano-micron sized aligned white matter tracts which are challenging to recreate for in vitro studies. Our study integrates a novel non-electrospinning STEP (Spinneret based Tunable Engineered Parameters) technology with time lapse video microscopy to investigate individual glioblastoma migration and blebbing dynamics on suspended and aligned nanofibers. For the first time, we demonstrate that the structural stiffness (N m À1 ) of the suspended nanofiber influences glioblastoma cell migration with cells migrating faster on lower stiffness nanofibers. In addition, for the first time we show a reversible blebbing and non-blebbing phenomenon where the blebbing dynamics of glioblastoma cells is affected by cell spread area. STEP nanofibers are an improvement over the conventionallyused flat cell culture surfaces as the suspended and aligned fibers better represent the white matter tracts in vivo. This study also warrants that cancer should be viewed as a system that constantly interacts with its biophysical and biochemical microenvironment.
Introduction
Cancer is the second leading cause of death in the US, with an overall loss of $263.8 billion in medical and morbidity costs. 1 Glioblastoma multiforme (GBM) originates from the glia or its precursors in the central nervous system. 2 Characterized as a grade IV tumor by the World Health Organization, GBM is the most aggressive and also the most common glioma in humans. 3 Approximately 15 000 people die of GBM every year. 4 It can be described as a complex organ lesion with diverse anatomy, genetic mutations, and genetic variability within the tumor.
2,5
Lack of understanding of causative agents, tumor progression, invasiveness and the location of tumors in vital areas of the brain have limited treatment protocols to surgery, chemotherapy, and radiation therapy, making GBM one of the most difficult conditions to treat. Even with extensive therapy, the median survival rate is only 15 months. 2, 6 Described as one of the hallmarks of cancer, the ability of tumors to invade surrounding tissues and metastasize to other parts of the body causes 90% of cancer deaths in humans.
One of the major challenges in treating GBM arises from its highly invasive behavior, which allows tumors to progress despite surgery, chemo and radiation therapy. About 15-25% of the central nervous system volume is occupied by the extracellular space, which contains metabolites, hormones, proteins, and extracellular matrix (ECM) molecules that the glia and neurons produce. It is composed of proteins such as glycosaminoglycans (GAG), hyaluronan (HA), fibronectin, laminin, proteoglycans, and nanofibrous collagen structures. 8 Cells typically attach to and utilize their immediate ECM to migrate. Probing the mechanical components of the extracellular environment has shown that it directly affects cellular migration, proliferation, and cytoskeletal organization, thus establishing mechanical stimuli as a necessary factor that influences cellular behavior. 9 It is well known that elasticity (N m
À2
) of the environment affects migration. 10 The rigidity of the substrate has also been known to alter the cytoskeletal organization of glioma cells 6 with stiffer constructs enhancing integrin expression and progression. 11 However, the influence of structural stiffness (N m À1 ) on cell migration has not been investigated. Also, a recent study has suggested that the local mechanical property of the substrate may have a stronger influence on cell behavior than the bulk mechanical property of the substrate. 12 Therefore, it is important to understand the influence of structural stiffness on glioma cell migration to get a better picture of how the biophysical environment influences glioma metastasis. The normal brain ECM differs significantly from that of patients with GBM. Glioma cells modify their microenvironment as they migrate by rearranging the normal brain ECM (approximate modulus of 500 Pa) to create an ECM that is more rigid to facilitate proliferation. 6, 13 In particular, glioma cells have been known to migrate via normal brain parenchyma, collect below the pial margin, border around blood vessels and neurons and directionally migrate along highly aligned white matter tracts. 2,14,14b,15 Studies on dimensions of white matter tracts show considerable variations suggesting that they can even be characterized into small and larger tracts. 16 Consequently, the range of diameters of these aligned anatomical white matter tracts has been shown to be anywhere from less than 500 nm to 7 mm.
15-17
Therefore, suspended, aligned and multilayer nanofibers of varying diameters and lengths serve as an excellent platform to study individual glioblastoma cell behavior in vitro. In this study, a constant starting diameter of 400 nm is selected to resemble glioma migration in smaller white matter tracts. There are two reasons for starting at a lower diameter: (a) in future, we aim to extend the study by progressively exploring glioma migration in fibers with larger diameters to understand mechanisms by which fiber curvature influences migration, and (b) the STEP technique allows high spinnability of polystyrene in the 400-900 nm fiber diameter range. In addition to metastasizing and migrating to secondary locations, the ability of cancer cells to resist apoptosis is also described as a hallmark of cancer. 7a A phenomenon that interlinks cytoskeleton organization, migration, and apoptosis is blebbing. Observed in the 1900s, blebs were described as blisters that are now characterized as short lived (o1 minute) circular extensions (about 2-15 mm in diameter) that expand off the cytoplasm and retract to the initial site of origin. 18 While blebs have been associated with apoptosis, migration, cytokinesis, cell spreading, virus infection, cellular protection against injury and migration, it is still a largely unknown phenomenon whose complete functions are yet to be recognized. 18, 19 This makes the study of blebs a crucial component in the understanding of glioma migration as blebs are being increasingly associated with tumor cell behaviors. Using suspended and highly aligned nanofibers in single and multiple layers to represent the aligned physiological pathways used by glioma for migration can help us better understand how individual cells are influenced by changes in their microenvironment. 15 In this study, the migratory behavior in response to single nanofiber structural stiffness (N m À1 ), associated cell shape, and blebbing dynamics of malignant glioma cells are investigated. 
Materials and methods

Cell culture
Passage 18 DBTRG-05MG (Denver Brain Tumor Research Group-05MG) cell line was purchased from ATCC (American Type Culture Collection, Manassas, VA). The cells were maintained in RPMI-1640 media (ATCC), supplemented with 10% FBS (HyClone, Canada), 1% penicillin/streptomycin (HyClone, Logan,
10 mg L À1 adenine, and 1 mg L À1 thymidine (Sigma Aldrich, St. Louis, MO) as recommended by ATCC. Both T75 and T25 cell culture flasks (Corning Inc., Corning, NY) were used to culture the cells at 5% CO 2 and 37 1C in the incubator (Thermo Scientific, Barrington, IL). DBTRG-05MG passage numbers 19-30 were used for data collection. Media were renewed 2 times a week. In order to suspend the cells, media were removed, and the cells were rinsed with PBS twice. They were then dispersed with 0.25% trypsin (HyClone, Logan, UT) for one minute and the cells were resuspended in fresh medium.
STEP fibrous substrate
Substrates of suspended, parallel, and intersecting polystyrene (PS) nanofibers (lengths: 4, 6 and 10 mm; diameters: approximately 400 nm) were manufactured using the STEP platform. The diameters of the fibers were confirmed using scanning electron micrographs. Square Thermanox s plastic cover slips (NUNC Brand Products, Rochester, NY) were used as frames for the substrates. Subsequently, they were cut out (4, 6, and 10 mm) to form hollow substrates upon which suspended fibers were deposited. The substrates were mounted on glass bottom 6-well plates (MatTek Corp., Ashland, MA), sterilized with 70% ethanol for 5 minutes, rinsed with PBS twice and coated with fibronectin (2 mg mL
À1
) overnight before seeding the cells. The structural stiffness (N m À1 ) in the middle of suspended fiber (750 mm on either sides from the center of the fiber span length) was calculated for 4, 6 and 10 mm polystyrene fibers by Atomic Force Microscopy (AFM, Veeco BioScope II, Plainview, NY; using tip less cantilevers of stiffness 0.2 N m À1 from AppNano, Santa Clara, CA).
A three-point bending test 23a,24 was used to determine fiber structural stiffness within 750 mm on either side from the center of the fiber, and the average values were calculated.
Cell seeding
The cells were resuspended to obtain a concentration of 400 000 cells per mL. While 30 mL of this suspension was placed on the 4 Â 4 and 6 Â 6 mm 2 fibronectin coated substrates, 60 mL of the suspension was placed on 10 Â 10 mm 2 fibronectin coated substrates. The seeded substrates were placed and maintained at 5% CO 2 and 37 1C in the incubator until the cells attached onto the nanofibers (2-6 hours). About 1 hour after seeding, 2 mL of media was added to each well. Once cells attached, time-lapse video micrographs of the substrates were taken continuously for 10 hours (every 10 or 15 minutes) using a Zeiss microscope with incubating capacity (Zeiss AxioObserver Z1, Jena, Germany).
Cell tracking/blebbing analysis
Time lapse videos were performed at 10Â or 20Â magnification and were analyzed using AxioVision software (Zeiss, Germany). Approximately 30 cells were sampled per substrate. Cell displacements were measured every hour from the center of the cell for the entire time-lapse period (10 hours). The highest displacement in the entire 10 hour period was recorded. Cells that migrated less than 10 mm h À1 (about 30%, N = 157) were considered nonmoving cells and were not included in the migration study. Cellular migration was recorded at the middle of the span length of suspended nanofibers (about 750 mm on either side from the center of the nanofiber). Time-lapse video micrographs obtained at 20Â were used to analyze the blebbing dynamics of the DBTRG-05MG cells. Using AxioVision software, cell spread area, bleb count, and bleb sizes were measured. Bleb size and count were compared as a function of cell spread area or cell size.
Cell cytoskeleton staining
DBTRG-05MG cells on flat and suspended nanofibers were stained for F-actin stress fibers, focal adhesions and the nucleus. The cells were fixed using 4% paraformaldehyde in phosphate buffered saline (PBS) solution for 15 minutes, and washed two times with PBS. The cells were exposed to permeabilization solution (PBS + 0.1% Triton-X 100 solution) for 15 minutes, PBS washed twice, soaked in anti-goat blocking buffer (Invitrogen, Grand Island, NY) for 30 minutes. Diluted primary paxillin (pY31, Invitrogen, Grand Island, NY) was used (PBS with 1% Bovine Serum Albumin and Triton-X 100, 1 : 100 dilution ratio), and the substrates were refrigerated (2-8 1C) for 1 hour. After washing it with PBS three times, the secondary stain (Goat, anti-rabbit, Alexa Fluor 488 or 647, Grand Island, NY) and Phalloidin (Santa Cruz Biotechnology, Santa Cruz, CA) were used at 1 : 200 dilutions. The substrates were placed in room temperature for 1 hour, away from light. After washing with PBS three times, DAPI (4 0 ,6-diamidimo-2-phenylindole) was used to stain the nucleus for 5 minutes. The substrates were then rinsed with PBS two times, and observed using a Zeiss s microscope.
Statistical analysis
JMP software was used to analyze the data for statistical significance. ANOVA and Student's t-tests were used to test for significant differences between variables when required.
Results
Our previously reported non-electrospinning pseudo dry-spinning method called the STEP technique is able to deposit highly aligned polymeric micro/nanofibers in single and multiple layers. The fiber networks have uniform diameters and can be manufactured at user defined geometrical spacing (Fig. S1 , ESI †). 22 Specifically, high aspect ratio (length/diameter) fibers can be precisely deposited with control of fiber dimensions (diameter: sub 100 nm-micron, length: mm-cm, parallelism: r2.5 degrees, spacing: sub-micron to microns) in single and multiple layers. In this study, both highly aligned parallel single suspended (SS) and orthogonally arranged double suspended (SD) fibers were deposited on hollow square plastic frames, and used for migration and blebbing dynamics study (Fig. S1 , ESI †). For this study, fiber diameter was kept constant at B400 nm.
DBTRG-05MG cells on flat and STEP fibers
DBTRG-05MG cells mainly adopted 3 major morphologies on STEP fibers: spindle shape on single fibers, rectangular shape on parallel fibers and polygonal shape at orthogonal fiber intersections (Fig. 1) . This observation was consistent with those observed by Sheets et al. where mouse myoblasts also adopted three major morphologies when cultured on STEP fibers. 25 In spindle shaped cells ( Fig. 1(i) and (v) ), the nucleus was predominately located at the cell center. The stress fibers were around the nucleus connecting the poles of the spindle, and focal adhesions were concentrated near the poles of the spindles with occasional expressions along the cell-fiber interface. Cells between two parallel nanofibers formed ( Fig. 1 (ii) and (vi)) rectangular cell structures with nucleus at the center and stress fibers mostly around the perimeter. Focal adhesions were mostly concentrated in the corners of the rectangular morphologies, with some along the cell-nanofiber interface. On orthogonal fibers, cells formed polygonal (kite like) structures ( Fig. 1(iii) and (vii)) with the nucleus at the center. Focal adhesions were pronounced in the corners of the cell with occasional expressions along the cell-nanofiber interface. On flat control substrates, however, DBTRG-05MG cells mostly showed spread configurations with pronounced focal adhesions around the circumference of the cells (Fig. 1(iv) ). Stress fibers were visibly seen to be connecting the focal adhesions forming netlike structures of the cytoskeleton. Cells were observed to migrate at about 30 mm per hour on average on flat substrates, and were found to have no obvious directional bias.
DBTRG-05MG migration on STEP nanofibers
Cell migration has been described as a multi-step process involving polarization of the cell, extension of protrusion at the leading edge, contraction of the actomyosin complex, proteolytic degradation of ECM and retraction of the trailing edge. 26 Using the STEP platform, the polarization, extension of protrusions at the leading edge, and retraction of the trailing edge of a single cell on a single nanofiber were captured using time lapse images (Fig. 2) . Cells polarized, extended their leading edge, and retracted their trailing edge like a 'sling shot' on single nanofibers. As tumor cells start remodeling their environment through increased cross linking, the associated increase in ECM stiffening has been observed to affect focal adhesion expression and metastasis. 11, 27 Prior studies have observed that tumor environments are stiffer than normal ECM, and the stiffness of ECM influences cancer cells. 11,13b,27,28 Therefore, we investigated the difference in migration speeds of DBTRG-05MG on SD (2 layers of orthogonally arranged fibers, ESI, † Fig. S1 ) versus SS (a single parallel layer of fibers, ESI, † Fig. S1 ) and the role of structural stiffness within SS. It was observed that glioma cells spread more and migrated significantly slower on double suspended (SD) fibers when compared to cells on parallel single suspended (SS) fibers and on flat fibers (Fig. 3(i) ). Furthermore, single suspended nanofibers of lengths 4, 6 and 10 mm were used to study DBTRG-05MG migration behavior on single fibers. Migration data were generated from cells attached at the middle of the span lengths (about 750 mm on either side from the center of the nanofiber). Nanofiber length significantly increased cell migration and cells migrated the fastest on 10 mm nanofibers among the three lengths tested (Fig. 3(ii) ). The cells migrated significantly faster on all three lengths tested when compared to flat substrates. Compared to currently reported values in the literature for glioma migration (0.4 to 100 mm h À1 ), 29 in this study, cells were observed to migrate at the higher end of this range. However, glioma migration speeds from 13-196 mm h À1 were recorded on STEP fibers.
Blebbing dynamics
DBTRG-05MG cells demonstrated relatively continuous blebbing on flat surfaces (Fig. 4(I) ) and exhibited an interesting reversible blebbing-non-blebbing phenomenon on suspended fibers (Fig. 4(II-IV) , and ESI, † Movie S1). Separation of the actin cortex from the plasma membrane is considered a hallmark for blebbing. 19a This distinction was observed when DBTRG-05MG cells were stained for actin. Fig. 4III demonstrates that the actin cytoskeleton of the bleb is distinct and separate from the actin cortex. As blebbing has been associated with migration, resistance to cell death and multi drug resistance, 19b,21c it is important to study the blebbing behavior of glioma cells as they migrate. In particular, we investigated the relationship of blebbing as a function of cell migration and spreading on our STEP fibers. Not all the cells demonstrated plasma membrane blebbing (percentage of blebbing cells: 65% (N = 349) on flat, and 36% (N = 248) on STEP fibers), and those cells that exhibited this phenomenon were considered for the blebbing dynamics study. We observed that blebs on a single cell were more in number (count) and larger in size when cells were in smaller, spherical morphologies. As cells spread along the STEP nanofibers (both SS and SD) and increased in spread area, both bleb size and their occurrence count decreased (Fig. 4(II-IV) and 5, and Movie S1, ESI †). Furthermore, it was observed that blebbing cells had significantly lower migration than cells that were not blebbing (Fig. 6 ). Both bleb size and count showed a decrease in blebbing as the cells spread in area, and a near elimination of blebbing at a cell spread area of about 1400 mm 2 and beyond. However, as highly spread cells retracted to smaller areas, re-occurrence of blebbing was observed (Fig 4(IV) , and ESI, † Movie S1). This reversible blebbing-nonblebbing phenomenon based on cell spreading, to the best of authors' knowledge, has not been reported before. Characterizing the occurrence of blebbing with respect to glioma cell migration can add to our understanding of cell migration specific apoptotic and drug resistance behaviors.
Discussion and conclusion
Glioma is an integral system that nurtures itself by conditioning its microenvironment and vice versa. In order to understand the comprehensive migratory and invasive behavior of glioma cells, a thorough understanding of cell-microenvironment interaction is necessary. It is thus essential for in vitro platforms to recapture the in vivo glioma migration environment. Current methods of simulating the ECM environment involve both 2-D and 3-D substrates. As glioma metastasis is known to be favoured by aligned physiological structures such as white matter tracts, suspended and aligned fibers like the STEP fibers serve as an improvement over the conventionally used 2D and 3D platforms to study glioma migration. While studies have reported the material stiffness (N m À2 ) of white matter tracts in the range of 2.5-10 kPa, 30 reference to their structural stiffness is not available. Using the STEP platform, the structural stiffness of the fibers was altered by the choice of fiber length. As structural stiffness decreased with fiber length, cell migration increased. This effect of structural stiffness on cell migration is a new finding and we hope that this will encourage the community to investigate this in detail.
Cytoskeletal staining and time-lapse images of DBTRG-05MG suggested that cellular shape and migration are different on conventionally used flat and suspended STEP fibers. Caspani et al. had observed that actin fibers align along the white matter tracts in migratory glioma cells in vivo, similar to what we observed when DBTRG-05MG aligned along the STEP fibers. DBTRG-05MG cells acquired 3 major morphologies while interacting with the nanofibers, and most focal adhesions were observed in the poles of the cells (Fig. 3) . Although the relationship between focal adhesion and cell migration is not understood well, focal adhesion size has been associated with cell migration. 31 We observed that the DBTRG-05MG cells expressed different focal adhesion patterns on STEP fibers when compared to cells on flat substrates which could suggest why they migrated at different speeds on flat substrates and on the fibers. However, this relationship needs further investigation. Blebbing and its influence in cancer requires more investigation as the study shows that cell spreading can significantly reduce blebbing. One of the causes of blebbing is explained as the rupturing of this actin cortex, and the propulsion of cytoplasmic contents out of the ruptured site. 19a As the cell re-establishes its ruptured actin, blebs retract back to the initial site of propulsion. Actin structures in spherical and spread cells could possibly explain this inverse relation of blebbing and cell spreading. In spherical cells, actin is mostly present in the circumference as actin cortex 32 which acts as a single barrier.
Once this barrier ruptures, cytoplasmic contents freely expel out from the ruptured region. In spread cells, however, actin stress fibers form net like structures 33 and organize along the perimeter, thus acting as a series of multiple barriers that can possibly decrease the likelihood of bleb formation. This phenomenon is particularly interesting as blebbing is characteristic of amoeboid migration in cancerous cells. Described as one of the modes of cancer migration, amoeboid migration is adopted by cancerous cells in their circular configurations which allow the cells to squeeze through pores in the ECM and migrate without degrading the ECM. 26 Linear regression analysis suggests that the DBTRG-05MG cells form little or no blebs when they are spread beyond an area of about 1400 mm 2 .
It was also observed that blebbing decreased cellular migration. This suggests that amoeboid mode of migration is slower, and is least likely to occur when the cell spreads beyond this threshold. Blebs have also been associated with resistance to cell lysis, drug resistance, and cell survival. 34 Therefore, for better prognosis of cancer, a better understanding of migration and blebbing dynamics is necessary. Cancer is a system that is influenced by both the biophysical and the biochemical aspects of the tumor microenvironment. Studying cancer cell behavior in environments that resemble glioma migration pathways is therefore critical. This study utilizes a non-electrospinning platform to study cytoskeletal, migration and blebbing dynamics of glioblastoma cells and suggests that glioma cells behave differently on conventionally used flat and suspended STEP nanofiber platforms. Hence, it can be expected that the presented glioma cell behavior might bear a closer resemblance to in vivo glioma migration.
While biochemical components may be equally important, we show for the first time that changes in structural stiffness and organization of individual fibers in the microenvironment can significantly alter cell behavior. The change in migratory and blebbing behavior as a function of cellular spreading could also have clinical implications associated with metastasis and resistance against anticancer drugs. Cellular spreading has been related to reduced blebbing. However, the nature of reversible blebbing and non-blebbing behavior of glioma cells warrants further investigation. The unique strategy of investigating cancer cell behavior and dynamics in a fibrous environment can also be coupled with studies of biochemical cues to advance our current understanding of cancer. Our future works will focus on determining the effect of fiber diameter, curvature and tension on migration dynamics and vulnerability of cells to anticancer agents or lysis under spread configuration. ). * Shows statistical significance. 
